Objectives: To study the effect of four protein hydrolysates from vegetable (pea, gluten, rice and soy) and two protein hydrolysates from animal origin (whey and egg) on glucagon and insulin responses. Subjects/Methods: Eight healthy normal-weight male subjects participated in this study. The study employed a repeatedmeasures design with Latin square randomization and single-blind trials. Protein hydrolysates used in this study (pea, rice, soy, gluten, whey and egg protein hydrolysate) consisted of 0.2 g hydrolysate per kg body weight (bw) and 0.2 g maltodextrin per kg bw and were compared to maltodextrin alone. Postprandial plasma glucose, glucagon, insulin and amino acids were determined over 2 h. Results: All protein hydrolysates induced an enhanced insulin secretion compared to maltodextrin alone and a correspondingly low plasma glucose response. A significant difference was observed in area under the curve (AUC) for plasma glucagon between protein hydrolysates and the maltodextrin control drink (Po0.05). Gluten protein hydrolysate induced the lowest glucagon response. Conclusions: High amino-acid-induced glucagon response does not necessarily go together with low insulin response. Protein hydrolysate source affects AUC for glucagon more profoundly than for insulin, although the protein load used in this study seemed to be at lower level for significant physiological effects.
Introduction
Previous research has demonstrated that co-ingestion of proteins with carbohydrates results in increased plasma insulin responses (Rabinowitz et al., 1966; Pallotta and Kennedy, 1968) , both in healthy subjects (van Loon et al., 2000; Calbet and MacLean, 2002) and in patients with type II diabetes (Nuttall et al., 1984; Manders et al., 2005 Manders et al., , 2006 . The effect of proteins on insulin secretion is mainly a consequence of the effect that specific amino acids in the blood have on pancreatic b-cell activity (Newsholme et al., 2005) .
Similarly, glucagon secretion is induced by the effect of amino acids in the blood on pancreatic a-cells (Calbet and MacLean, 2002) . The effect of proteins on the carbohydrateinduced insulin response has been studied most frequently, since this is of interest in type II diabetic patients (van Loon et al., 2000; Manders et al., 2005 Manders et al., , 2006 . Although glucagon is not an as extensively studied hormone as insulin, glucagon secretion is disturbed in both type I and type II diabetic patients. In both cases, a lack of glucagon suppression due to delayed and depressed insulin secretion is thought to contribute to postprandial hyperglycemia (Jiang and Zhang, 2003) . The observation that proteins induce both insulin and glucagon secretion (Kabadi, 1991; Calbet and MacLean, 2002 ) is interesting. Because insulin antagonizes glucagon secretion, proteins or amino acids inducing high insulin responses could be expected to induce rather low glucagon responses while proteins that induce low insulin responses might induce relatively high glucagon levels. The reason we are interested in the glucagon response to protein intake is that, although literature is not conclusive, some studies show that glucagon induces lipolysis (Carlson et al., 1993; Perea et al., 1995) . In this regard, increased glucagon concentrations might be beneficial in the management of obesity.
The purpose of this study was to investigate whether a carbohydrate load with co-ingestion of protein hydrolysates of different vegetable (soy, rice, gluten and pea) and animal (egg and whey) origin induce different glucagon responses and whether these differences can be explained by differences in insulin responses and/or changes in plasma aminoacid concentrations. To prevent differences in stomach emptying, protein hydrolysates were used (Calbet and MacLean, 1997) . Because previous research reported that both plasma insulin and glucagon secretions can be significantly stimulated by low protein concentrations (0.25 g per kg body weight (bw)), in this study, 0.2 g per kg bw protein hydrolysate was used combined with an isocaloric amount of carbohydrates. Since protein hydrolysates are not very tasty and since high concentrations might cause gastro-intestinal discomfort (van Loon et al., 2000) , we decided to keep concentrations as low as possible, so that results might be applicable to daily life situations.
Methods

Subjects
Eight healthy non-obese male subjects participated in this study (age 32713, 8 years, weight 76.274.7 ; means7s.e.m.). All subjects were informed about the nature and risks of the experimental procedures and their informed consent was obtained. The local Medical Ethical Committee approved this study.
Experimental design
The study consisted of seven trials in which six different protein hydrolysates and one control beverage (see beverages) were tested. All beverages were artificially sweetened and lemon flavored to make differences in taste as small as possible. Beverages were offered randomly (by means of Latin square randomization) and in untransparent mugs to obtain single-blind trials. Testing days were separated by at least 2 days. At testing days, subjects came to the lab after an overnight fast and they were asked to avoid heavy physical activity the day before the trials and to keep their eating pattern as constant as possible. (WHO, 2000) . Compared to the average protein intake of the Dutch population, 0.2 g per kg bw accounts for a protein load somewhere between breakfast (0.13 g per kg bw) and lunch (0.35 g per kg bw) (Zo eet Nederland, 1998) . All beverages were uniformly lemon flavored (Quest International, Naarden, The Netherlands) and sweetened with aspartame. To achieve an optimal pH for the flavoring compound, 0.26% citric acid was incorporated. Protein hydrolysates were made via an enzymatic procedure and the degree of hydrolysis of the protein drinks ranged between 9 and 27%. The amino-acid composition of the hydrolysates was determined by high-performance liquid chromatography analysis (Lithium system; Jeol Inc., Tokyo, Japan) of free amino acids after precipitation of large peptides/proteins and compared to results of standard samples. Amino-acid profiles of the different test drinks are given in Table 1 .
Beverages
Protocol
After an overnight fast, subjects reported to the laboratory where a Teflon catheter (Baxter BV, Utrecht, The Netherlands) was inserted into an antecubital vein and a resting blood sample was drawn (t ¼ 0). Then subjects were offered the test drink, which they had to consume as fast as possible and at least within 5 min. Blood samples were drawn 15, 30, 60, 90 and 120 min after finishing the test drink for glucose, amino-acid, insulin and glucagon analyses. Values expressed as percentage of total dry product. a Asx, asparagine þ aspartic acid; Glx, glutamate þ glutamine.
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Blood analysis
Blood was collected in EDTA-containing tubes for glucose, insulin and free amino-acid analysis. EDTA blood to which aprotinin (5 kIU per ml blood; Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) was added was used for glucagon analysis. After collection, the blood sample was centrifuged at 1000 g at 4 1C for 10 min. Aliquots of plasma were frozen immediately in liquid nitrogen and stored at À45 1C. 
Results
As Table 2 shows, baseline values for glucose, insulin and glucagon were similar for all test drinks. All test drinks induced a glucose response that reached peak levels at 15-30 min after consumption, decreased in all cases to below baseline after 60 min and almost reached baseline values again after 120 min (Figure 1a) . Delta 30 values were significantly lower after pea, soy, gluten and whey protein hydrolysate consumption as compared to the control drink (Po0.025), no differences in delta 30 values were found between the different protein hydrolysates. The glucose AUCs for pea, soy, gluten and whey protein hydrolysates differed significantly from the AUC for the control drink (Po0.006) but AUCs did not differ between the six protein hydrolysates (Figure 1b) .
In all the cases, an insulin peak was reached 30 min after consumption of the test drink (Figure 2a) . Delta 30 values for insulin differed significantly between the control drink and pea, rice and whey protein hydrolysate drinks (Po0.04). All protein hydrolysate/carbohydrate mixtures, except soy protein hydrolysate, induced significantly higher AUC of insulin than the control drink (Po0.05). No significant differences among the six protein hydrolysates in AUCs of insulin were found (Figure 2b) .
In Figure 3a , glucagon response over time induced by the different experimental drinks are depicted. Delta 30 values were significantly higher for all experimental drinks compared to the control drink (Po0.005). When comparing delta 30 values of the different protein hydrolysates only soy protein hydrolysate induced significantly higher delta 30 values for glucagon than gluten protein hydrolysate (P ¼ 0.02). All protein hydrolysates induced significantly higher AUCs for glucagon compared to the carbohydrate Figure 3b ). Among hydrolysates, AUCs for glucagon between gluten and egg protein hydrolysates differed significantly (P ¼ 0.02). AUCs for mean plasma amino acids for the different protein drinks are reported in Table 3 . As depicted in Table 3 , an overall effect of drinks was found for asparagine (P ¼ 0.002), threonine (P ¼ 0.000), arginine (P ¼ 0.000), tyrosine (P ¼ 0.031), methionine (P ¼ 0.026), isoleucine (P ¼ 0.030) and lysine (P ¼ 0.000). Between which protein drinks these differences are situated is indicated in Table 3 .
Multiple linear regression analyses showed that the model corrected for subject, drink, time and glucose but without any group of amino acids, explained 39% of the variability in insulin response. When BCAA (Val, Ile and Leu) were included in this model, it explained 73% of the variability in insulin response (partial correlation of 0.75; Po0.001). Inclusion of EAA (Val, Ile, Leu, His, Lys, Met, Phe, Thr and Trp) or TAA explained in both cases 68% of the variability. In case of the glucagon response, the model corrected for subject, drink, time and glucose but without any group of 
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AA, explained 24% of the variability. After addition of BCAA to the model it explained 50% of the variability in glucagon response (partial correlation of 0.60; Po0.001). When EAA or TAA were included in the model 43% (partial correlation of 0.50, Po0.001) or 40% (partial correlation of 0.47, Po0.001) of the variation, respectively. Arginine, the amino acid mostly used to induce in vitro glucagon secretion (LeclercqMeyer et al., 1976) did not improve the model to which BCAA were added significantly (P ¼ 0.539).
Discussion
This study was performed to investigate whether co-ingestion of carbohydrates and protein hydrolysates of different vegetable and animal origin induce different glucagon responses upon consumption and whether these differences are related to differences in insulin responses and/or changes in plasma amino-acid concentrations. Our main findings are that the insulin response to the different protein hydrolysate/carbohydrate mixtures was comparable but significantly higher than the control carbohydrate drink, that all protein hydrolysates induced higher AUCs for glucagon than maltodextrin alone and that gluten protein hydrolysate induced significantly lower AUC for glucagon compared to egg protein hydrolysate. BCAA (Val, Ile and Leu) were best predictors for both the insulin and glucagon response. Tables 1 and 3 and Figures 4 and 5 show that in general protein drinks with high concentrations of certain amino acids also induce high plasma responses and AUCs of these amino acids. Whey protein hydrolysate, for instance, with relatively high amounts of Ile, Leu, Lys, Thr and Val (Table 1) induced higher AUCs for these amino acids (Table 3) . Interestingly, egg protein hydrolysate that consists of relatively high amounts of Ile, Ser and Val does not seem to induce high AUC for Ser and Ile. When looking at Figures 4 and 5, this is most probably due to the small differences in amino-acid responses between drinks. Interestingly, plasma amino-acid responses after the control carbohydrate drink also showed small increases over time (Figure 4) . Although the mechanism is not clear, it can be speculated that carbohydrate consumption influences the labile protein pool in the splanchnic area to secrete small amounts of AA or that it changes the balance between endogenous aminoacid production and utilization.
The results of this study show that all protein hydrolysate mixtures enhanced the carbohydrate-induced insulin response resulting in lower plasma glucose concentrations. No differences in glucose and insulin response among protein hydrolysate mixtures were found. A stimulation of the insulin response after ingestion of protein hydrolysates has been reported before. van Loon et al. (2000) gave cumulative boluses of a large number of different protein hydrolysates or free amino acids mixed with carbohydrates to eight healthy non-obese male subjects with final protein concentrations twice as high and carbohydrate concentrations four times higher (van Loon et al., 2000) than the concentrations used in this study. Most mixtures showed higher insulin responses than the control carbohydrate drink, but from the protein hydrolysates that were also used in our study only wheat Table 3 Total AUC (mmol 2 h l À1 ) for plasma amino acids after ingestion of the different protein hydrolysates protein hydrolysate resulted in a significantly higher insulin response (van Loon et al., 2000) . Also in our study gluten (a protein found in wheat) protein hydrolysate did result in a higher AUC for insulin when compared to a carbohydrate load alone. A study performed by Calbet and MacLean (2002) , in which subjects received pea or whey protein hydrolysate/glucose mixture, a complete milk/glucose solution or a control glucose solution via a gastroduodenal catheter, at dosages only slightly higher than in our study, did report significantly higher insulin responses for both protein hydrolysates (four times higher) and the milk solution (two times higher) compared to the control drink, with no significant difference between whey and pea protein hydrolysates which is in accordance to our results. Thus, at a protein intake slightly higher than a standard Dutch breakfast, oral ingestion of protein hydrolysates mixed with the same amount of carbohydrates induces higher AUCs for insulin compared to a carbohydrate load alone. At this concentration protein source does not influence the insulin response substantially.
All protein hydrolysate mixtures resulted in a significantly higher AUC for glucagon than the control drink. This is in (2000) who found that during the recovering period from intense cycle exercise, repeated carbohydrate ingestion alone induced a strong reduction in plasma glucagon levels while, when plasma amino-acid levels were kept elevated during 4 h by repeated consumption of a whey protein hydrolysate/ sucrose mixture, glucagon levels decreased less (van Hall et al., 2000) . In addition to the direct glucagon-stimulating effect of amino acids (Kabadi, 1991; Claessens et al., 2007) , the fall in glucose concentrations due to the higher insulin response induced by the carbohydrate/protein hydrolysate drinks might have contributed to the prolonged glucagon response. Hydrolysates of slowly digestible proteins such as casein may induce faster amino-acid and hormonal responses than the intact protein (Calbet and Holst, 2004; Lacroix et al., 2006) . However, for hydrolysates of other proteins that are digested faster, such as whey protein, the difference is smaller Boza et al., 1995) . Among the protein hydrolysate mixtures, only the AUC for glucagon to gluten and egg protein hydrolysate mixtures differed statistically significant (P ¼ 0.02). Interestingly, gluten protein hydrolysate induced rather low peak concentrations, but the response was maintained longer than all other glucagon responses. We do not expect protein digestibility or gastric emptying to be responsible for these differences since protein hydrolysates of similar volume, osmolality and energy density and under similar conditions (pH and temperature) were used to overcome these problems (Calbet and MacLean, 1997) . Whether this different glucagon response to the gluten protein hydrolysate mixture has a physiological meaning has to be investigated further. Glucagon responses to pea and whey protein hydrolysate injection did not differ significantly in the study conducted by Calbet and MacLean (2002) which is in agreement with our findings. Calbet and Holst (2004) reported that whey and casein protein hydrolysate consumption induced similar insulin and glucagon responses suggesting that small differences in the amino-acid composition do not influence hormone secretion (Calbet and Holst, 2004) . In this study, we found that amino-acid composition can influence hormone secretion and that this effect is more pronounced for glucagon than for insulin. Although protein hydrolysates inducing high peak concentrations for insulin were expected to antagonize glucagon secretion afterwards, which would lead to rapid declines in glucagon concentrations from 30 min on, this was not found. While egg protein hydrolysate induced a similar AUC for insulin as gluten protein hydrolysate, egg protein hydrolysate induced significantly higher AUC for glucagon (P ¼ 0.02). Therefore, in this study, differences in glucagon responses cannot be explained by different insulin responses. Based on the amino-acid composition of the mixtures and previous data (Rocha et al., 1972; Hermans et al., 1987; Bolea et al., 1997; Smith et al., 1997; van Loon et al., 2000; Calbet and MacLean, 2002) , we expected egg protein hydrolysate to induce the highest peak concentrations for insulin and glucagon, gluten protein hydrolysate to induce the lowest peak concentrations for insulin, and whey protein hydrolysate to induce the lowest peak concentrations for glucagon. Instead the only significant difference between the drinks was a lower glucagon response after the gluten hydrolysate as compared to egg protein hydrolysate.
In this study, the BCAA, were the best predictors for both the insulin and glucagon response. When linking this with the amino-acid composition of the experimental drinks, whey protein hydrolysate contained the highest amount of BCAA and therefore should have induced the highest insulin and glucagon responses, which is in accordance with our results. Gluten protein hydrolysate, on the other hand, contained fewest BCAA and induced a rather low insulin response (only soy protein hydrolysate induced a lower insulin response) and the lowest glucagon response although these differences did not reach significance. This predictive effect of BCAA for insulin and glucagon secretion might also explain the discrepancy between the findings of our study and the study of Calbet and Holst (2004) , since all the protein solutions in the latter study contained similar amounts of BCAA.
In summary, 0.2 g per kg bw protein hydrolysate in combination with 0.2 g per kg bw maltodextrin increased plasma insulin compared to 0.2 g per kg bw maltodextrin alone, with correspondingly lower glucose concentrations, with no significant differences among the different hydrolysates. Protein hydrolysate mixtures significantly increased AUCs for glucagon compared to the carbohydrate control drink. Gluten protein hydrolysate showed the lowest but more prolonged glucagon response. Peak concentrations for insulin do not seem to be responsible for differences in glucagon responses. The amino-acid-induced insulin and glucagon responses appear to be independent of each other and are both dependent on BCAA concentrations.
